Objective: The surgical management of infants older than 2 weeks with d-transposition of great arteries and intact ventricular septum (IVS) is a matter of debate. Some studies have presented good results of primary arterial switch operation (ASO) in these children. The aim of this study was to assess the surgical outcome of the primary ASO in children with d-transposition of great arteries and IVS presenting beyond 6 weeks of age. Methods: The clinical records of the children (more than 6 weeks age) with d-transposition of great arteries and IVS, who underwent primary ASO at our institute between January 2003 and June 2009 were reviewed. Left ventricular geometry and interventricular septal motion on the transthoracic cross-sectional echocardiogram were taken to assess the left ventricle preparedness. Results: Fifty-five children (age ranging from 42 days to 9 years) with d-transposition of great arteries and IVS underwent primary ASO. The mean cardiopulmonary bypass time was 94.7 AE 21.3 min, while mean aortic cross-clamp time was 53.2 AE 8.1 min. Seven (13%) of these children died during their hospital stay. The children who had severely regressed left ventricle (banana-shaped left ventricular geometry) were operated with integrated extra corporeal membrane oxygenation-cardiopulmonary bypass (ECMO-CPB) circuit for left ventricular re-training. The children with regressed left ventricle required longer ventilatory time and inotropic support. Recovery of left ventricular geometry has taken 1-6 months depending on age at surgery. Conclusions: The children older than 6 weeks with d-transposition of great arteries and IVS can benefit from primary ASO with acceptable results. However, the need for mechanical support in some of the older patients may limit the widespread adoption of such a strategy. #
Introduction
Primary arterial switch operation (ASO) is the treatment of choice in infants with d-transposition of great arteries (dTGA) and intact ventricular septum (IVS) up to 2 weeks of age [1] . Although atrial switch was the surgical option proposed for these children beyond 2 weeks of age, the surgical management of these children with d-transposition of great arteries and IVS beyond 2 weeks of age is now a matter of debate. There is a concern that regression of left ventricular myocardial mass renders the left ventricle incapable of coping with the acutely increased work of systemic perfusion after an ASO. This concern prevented surgeons to attempt ASO in older children [2] .
Knowing the advantages of arterial switch over atrial procedures, surgeons attempted the two-stage arterial switch [3] for older children with dTGA, IVS in the initial years. This was later modified by reducing the interval between the stages to 1 week [4] , and was put forward as a solution for these children presenting for surgery beyond the neonatal period. Compared with the primary ASO, the late follow-up of this two-stage approach has revealed impaired left ventricular systolic performance [5] , increased incidence of neo-aortic regurgitation [6] and right ventricular outflow tract obstruction [7] .
In children presenting up to 6 weeks, we found primary ASO to be a better surgical option than rapid two-stage ASO [8] . Similar studies from other centres show encouraging results of primary ASO in children more than 3 weeks of age [1] . Many of these children referred for primary ASO to our centre from all over India and neighbouring countries present late compared with the recommended age guidelines for the surgery. To extend the benefits of primary ASO, we have been offering this operation gradually to older children, especially for those more than 6 weeks of age from January 2003. This study reports the results of our current experience with this group of patients. We examine the incidence of postoperative left ventricular failure and its relationship to age at operation using this approach. The results presented may give us new insights for managing these children older than 6 weeks of age with dTGA and IVS.
Methods
This study conforms to the principles outlined in the Declaration of the Helsinki. The study was conducted in the Department of Cardiovascular and Thoracic Surgery of All India Institute of Medical Sciences, New Delhi, India, after obtaining approval from the Institutional Ethics Committee on Human Research and informed written consent from parents/guardians.
We retrospectively analysed the clinical records of 55 consecutive children older than 6 weeks with dTGA and IVS who underwent primary ASO at our institute from January 2003 to June 2009. The children with dTGA, IVS with aortopulmonary window and fixed left ventricular outflow tract obstruction were excluded. The surgical technique was performed in all patients by the corresponding author with uniformity in the surgical protocol.
All these patients were admitted preoperatively in paediatric cardiology services where preoperative evaluation and medical stabilisation were done. Detailed transthoracic cross-sectional echocardiography with special reference to the left ventricular geometry (dimensions, shape and wall thickness), interventricular septal motion, coronary artery pattern, aortic arch anatomy, ductal size and left ventricular outflow tract obstruction (if any) was performed using iE 33 PHILIPS (Bothel, WA, USA). Balloon atrial septostomy (BAS) was indicated as an emergency palliation in children presenting after ductal closure with inadequate oxygen saturation and poor mixing.
Standard anaesthetic and surgical techniques including cardiopulmonary bypass and myocardial protection strategies were used in all patients. All patients in our study group underwent primary ASO under moderate hypothermic cardiopulmonary bypass. Phenoxybenzamine (1-2 mg kg À1 ) is infused slowly just before aortic cannulation.
In children with borderline or regressed left ventricle, mechanical support with extracorporeal membrane oxygenation (ECMO) [9] was used. Initially, we used to assemble ECMO in the intensive care unit (ICU) following a crisis; however, this led to delay in resuscitation. Where ECMO support was anticipated preoperatively, we started using integrated extracorporeal membrane oxygenator-cardiopulmonary bypass (ECMO-CPB) circuit as illustrated in Figs. 1 and 2. We shift the child to intensive care unit with integrated circuit ECMO and start it when required. The patient is decannulated from the integrated circuit ECMO once stabilised within 12-24 h. This modification in our approach has significantly reduced the cost, crisis of instituting the ECMO and has significantly reduced infection. Better understanding of the postoperative behaviour and liberal use of phenoxybenzamine has made ECMO an optional bail-out resource.
Standard postoperative care included mechanical ventilatory support with paralysis and sedation for 24-36 h, avoidance of volume overloading, use of aprotinin infusion for the first 4 h [10] , institution of Ryle's tube feeding after 4-6 h [11] , liberal use of vasodilators, especially intravenous phenoxybenzamine [12] at 8-hourly doses of 0.3-0.5 mg kg À1 with the aim of maximally reducing left ventricular afterload and inotropic support preferably, dopamine, dobutamine and adrenaline, if needed. Any significant rise in left atrial pressure (more than 10 mm Hg) during weaning is handled by reparalysis and a wait of 24 h before the process is repeated. Mechanical support with ECMO is used if conventional measures fail. Postoperatively, patients were put on oral vasodilator therapy consisting of either phenoxybenzamine or captopril and oral diuretic therapy for about 6 weeks to 3 months. 
Statistical analysis
Statistical analysis was carried out with Intercooled STATA 9.0 software (Stata Corp, College Station, TX, USA). Intervalrelated data were expressed as mean AE standard deviation (SD) and categorical variables were expressed as percentages. Qualitative data were analysed by using chi-square test and Fischer's exact test and quantitative data using unpaired t-test and Mann-Whitney test.
Results
From January 2003 to June 2009, 55 consecutive infants of more than 6 weeks age with dTGA, IVS underwent primary ASO. Out of these 55 children, 45 (82%) were males. Median age was 60 days (range 42-3000 days). Preoperative demographic and clinical characteristics, intra-operative data and postoperative variables are summarised in Tables 1  and 2 . There was a high incidence of preoperative chest infection in our patients. Fourteen (25%) children had preoperative lower respiratory tract infection in the form of clinical symptoms, positive findings on chest X-ray or increased C-reactive protein levels. Eight patients had dynamic left ventricular outflow tract obstruction (gradient 10-40 mm Hg). Balloon atrial septostomy was done in 29 (53%) children, who had low oxygen saturation (<70%) on presentation. All of these patients were operated within 2 weeks of the septostomy. Two patients (aged 6 months) who presented to us with regressed left ventricle underwent ductal stenting. They showed echocardiographic improvement in ventricular function and interventricular septum motion. They were operated after 1 week of ductal stenting. Both these patients had uneventful recovery.
The mean CPB time was 94.7 AE 21.3 min, while mean aortic cross-clamp time was 53.2 AE 8.1 min. Children with echocardiographic features suggestive of regressed left ventricle were taken up for primary ASO with integrated ECMO-CPB circuit. Out of 15 such patients who were operated upon, only six patients required ECMO support to be continued postoperatively; in the rest of the patients, CPB could be successfully weaned off in the operating room. In seven patients, ECMO was assembled postoperatively in the ICU.
Special precaution was needed while weaning the children with regressed ventricle from mechanical ventilation. In five children, the left ventricle was unable to maintain the cardiac output enough to support the work of breathing while weaning. These children required mechanical ventilation for a few more days. All of these children recovered over a period of 1 week and were slowly weaned off from mechanical ventilation. Gradual weaning from the ventilatory and inotropic support depending on the haemodynamic response was the cornerstone in the management of these patients.
Although older age, lower body weight, prolonged ventilatory support and increased ICU stay were associated with increased mortality, oxygen saturation at presentation, aortic cross-clamp time or CPB time had no relation with mortality. Prolonged inotropic support was needed in the children who died. Requirement of ECMO was associated with increased risk of mortality (Table 3 ). Children requiring ECMO support also required prolonged ventilatory support, needed higher inotropes and consequently had longer ICU stay ( Table 4 ). The children in which integrated ECMO was used had more survivors (12/15 (80%)) as compared with children in whom ECMO was assembled in the ICU following a crisis (4/7 (57%)) ( Table 2 ). The children with banana-shaped left ventricle required prolonged ventilatory and inotropic support. Their ICU stays and hospital stay were also longer ( Table 4 ).
Out of 55 children with dTGA, IVS, seven children died in hospital postoperatively (13%). Of these, two children died as a result of primary left ventricular failure, whereas four developed postoperative sepsis; one child had intra-operative coronary injury and developed myocardial ischaemia. We operated on 15 children of more than 6 weeks of age with dTGA, IVS till 2006 of whom three died (20%). After 2006, we have operated on 40 such children with mortality rate of 10%. This improvement in the surgical outcome has been due to increasing experience in intra-operative technique and postoperative intensive care management of these critically ill infants, including the use of integrated ECMO-CPB circuit. The details of seven patients who died in the study group are as follows: Case 1: This child had a single coronary artery with a high take off from distal ascending aorta with intramural course. There was an injury to the intramural part during dissection of the aortopulmonary septum leading to myocardial ischaemia. We performed a bypass graft to the left coronary system but were unable to wean off from bypass and the child succumbed in spite of ECMO support for 72 h. This shows that it is difficult to salvage a child undergoing ASO following coronary perfusion problems. Cases 2 and 3: Both these children had refractory ventricular fibrillation 4-6 h postoperatively in the ICU, possibly due to early myocardial failure and underwent 20-30 min of cardiac massage before ECMO support was instituted. These cases exemplify the importance of timely institution of ECMO support and usage of integrated circuit ECMO. Case 4: This child was shifted to the ICU after weaning from CPB, but with an integrated ECMO circuit connected to aorta and right atrium with sternum open (covered with polyurethane sheet). The child started showing signs of decompensation 6 h postoperatively. ECMO support was initiated. The child was kept on ECMO for 72 h and subsequently weaned off successfully. However, the child died after 3 weeks following surgery, due to sepsis and multi-organ failure. The overwhelming sepsis could be attributed to an open sternum with aortic and right atrial cannulae in situ. Since then, we have reoriented our approach in instituting integrated circuit ECMO in the last few patients. If the child comes off bypass smoothly and maintains stable haemodynamics, we decannulate the patient in the operation theatre and shift the patient to the ICU along with the ECMO circuit in circulation. The ECMO can be started at any time as the instruments for sternotomy and cannulation are kept at the bedside of the patient. If the patient shows signs of left ventricular dysfunction in the form of unexplained tachycardia or metabolic acidosis, fluctuation or fall in systemic blood pressure and raising left atrial pressure, we electively put the patient on ECMO support. We have kept a very low threshold for putting these children on ECMO and try to avoid the ECG changes or electromechanical dissociation to set in. This technique, on the one hand, prevents the infection and, on the other hand, the time required to institute the ECMO that is, the time required to open the chest and perform a cannulation (usually less than 15 min) as the ECMO circuit is already in circulation and ready to use with a perfusionist standby round the clock. Cases 5, 6 and 7: These children succumbed to sepsis and multi-organ failure after 10, 16 and 21 days of surgery. These patients had prolonged preoperative hospital stay due to pneumonia and sepsis. All of them had raised Creactive protein levels and were on intravenous antibiotics preoperatively.
Follow-up
All 48 surviving patients were followed up in the outpatient department postoperatively at 1, 3 and 6 months and then annually. At each visit, a detailed clinical examination and echocardiography was performed. The mean follow-up was 21.1 AE 21.3 months (1-72 months); follow-up was 100% complete. All children are currently asymptomatic. None of the patients had left ventricular outflow tract obstruction. As none of the patients had any symptoms of coronary ischaemia, no coronary angiogram was done during this follow-up period. Mild degrees of supravalvular pulmonary stenosis were found in two patients (4%). Three children (5%) developed insignificant aortic regurgitation after 6 months. Recovery of left ventricular shape and geometry has taken 1-6 months time (mean 1.5 months), which was slightly longer for the older children.
Discussion
In the children presenting with dTGA, IVS beyond 3-4 weeks age, the surgical options are a matter of debate. Conventionally, these children are offered atrial level switch, which has been proved to be an inferior operation as compared to arterial switch [2, 3] . Another option is to carry out ventricular training and then switch the arteries, which has evolved over a period of time from being a two-stage to a rapid two-stage operation; but our earlier study revealed primary arterial switch to be a better alternative [8] . Published literature has already established the ASO to be far better than atrial switch in physical functioning, mental health, self-esteem and general health perception. The quality of life and health status as perceived by children 11-15 years old after TGA repair were excellent when compared with published normative data and is better after ASO than after atrial repair [13] .
Traditionally, left ventricular posterior wall thickness and myocardial mass are taken to assess the preparedness of left ventricle, but we relied significantly on the visual appearance of the left ventricle and interventricular septal motion on the transthoracic cross-sectional echocardiogram. Specifically, a circular cross-sectional appearance of left ventricle in the short-axis view was taken to assess ventricular preparedness.
The systemic left ventricle is a prolate ellipsoid with circular geometry in the transverse equatorial plane [14] . This configuration minimises wall tension and functionally commits the interventricular septum to the left ventricle. This explains how the left ventricle generates a good stroke volume against the systemic afterload with least wall tension. With the gradual involution of pulmonary vascular resistance following birth, there is a progressive reduction in afterload to the left ventricle in dTGA IVS; as a consequence, left ventricular mass does not progress in a normal manner. Haemodynamic problems associated with switching ventriculoarterial attachments in this lesion have been attributed to poor left ventricular function related to decreased mass [15] . The differential distribution of systemic to pulmonary vascular resistance does play a major role on the ventricles as a whole. Interventricular septum, being the common wall to both the pumps, is usually affected by this unequal afterload. As a natural mechanism to adapt to the high afterload of the right ventricle requiring higher force of contraction, IVS position starts shifting towards the left ventricle. Therefore, the crosssectional shape of the left ventricle changes from spherical to a D-shape and subsequently to a banana shape [16] .
We found that this change in the shape of the left ventricle and IVS motion is a reversible phenomenon and can be reversed by pharmacological means and/or by the use of ECMO. In our study, postoperative echocardiography followup of these children revealed the interventricular septal motion along with the left ventricle within a few weeks time (mean 1.5 months). Rapid left ventricular hypertrophy in the early postoperative period has also been documented in previous studies [5] .
For any successful switch operation, the left ventricle must be able to adapt to high afterload following switching over to systemic circuit. This adaptability is physiologically affected initially by the shape of the left ventricle and IVS motion and subsequently by its muscle mass. The success of pulmonary banding with systemic to pulmonary shunt in a rapid two-stage ASO and success of surgery in primary ASO in the latter phase of life has subsequently proved that the limitation imposed by regression and/or failure of progressive rise in muscle mass in dTGA is transient and reversible [4] .
We found left ventricular outflow tract obstruction in eight children, all of them admitted adequate hegar dilators according to their body weight; two of them had fibrous ridge at the approximation of IVS and anterior mitral leaflet, which was peeled off. Dynamic obstruction attributable to septal shift is seen almost exclusively in dTGA, IVS [17] . It is more common in patients with an anterior and leftward position of the aorta. ASO is found to be a better operation in these patients [18] unlike atrial repairs in which dynamic left ventricular outflow tract obstruction is likely to persist or progress, and can even develop postoperatively in some patients, who did not have left ventricular outflow tract obstruction previously. A 9-year-old boy with dTGA, IVS with dynamic left ventricular outflow tract obstruction (gradients of 35-40 mm Hg), presented with a regressed banana-shaped left ventricle. This child had a turbulent postoperative course, which was successfully managed by prolonged ventilation requiring tracheostomy and aggressive vasodilatation. Whenever the child was anxious, apprehensive and active following weaning from mechanical ventilation, his left atrial pressures used to rise to the point of developing pulmonary oedema. This was managed by increasing inotropic support, vasodilatation and sedation with continued ventilatory support. It took him 42 days to recover fully by inducing the physiological hypertrophy of the left ventricle to support the systemic circulation with normal preload.
In 2006, we compared the rapid two-stage ASO with primary ASO and found primary ASO was beneficial in infants of dTGA, IVS presenting between 21 and 60 days of age as compared to rapid two-stage ASO [8] . The ability to offer ECMO added safety in adopting such an approach, especially in the older patients. This finding has been supported by previous studies [1, [19] [20] [21] .
We performed ASO using full-flow CPB with moderate hypothermia compared with deep hypothermia used in these studies. This was advantageous in terms of length of procedure time and primary chest closure rate. It has been found that moderate hypothermia is beneficial for pulmonary recovery, less chest tube drainage and less duration of inotropic support, and was consequently associated with decreased duration of ICU and hospital stay and decreased resource use [22] .
We propose that physiological limitations due to either regression of left ventricle or inadequate myocardial mass are reversible in nature. A post-mortem study of 61 infants with unoperated dTGA, IVS has shown that normal or nearnormal left ventricular wall thickness is maintained up to at least 2 months of age [15] . The success lies in identifying these changes in time and acting promptly either through pharmacological agents and/or mechanical support in form of ECMO. While trying to prevent/reverse this decompensation through pharmacological agents (inotropes, vasodilators and alpha blockers), we use ECMO effectively when needed.
The concept of using integrated circuit ECMO, as described in this study, offers many advantages including no time lag to initiate ECMO (even experienced personnel need 45 min to assemble and de-air the circuit), enables left ventricular 're-training' under normoxaemia and controlled loading, early initiation prevents end-organ damage by reducing chances of cardiac arrest and prolonged low cardiac output state, surgical asepsis and cost-effectiveness. The integrated circuit ECMO may be a useful tool in patients with high predictability of postoperative mechanical support. Not only does it save time, but it also reduces the hesitancy to initiate ECMO and, hence, cuts down the overall cost of surgery.
In children with dTGA, IVS, various centres have reported mortality of 1-10% for ASO in children up to 3 weeks and 5-9% for atrial switch [23] . Our mortality rate is 13% (7/55) in children of more than 6 weeks age with dTGA, IVS, which is higher. But on analysis of cause of death, we found that 8% (4/ 55) of mortality was associated with preoperative sepsis or infection and is preventable. There is a scope to decrease this mortality. We think primary ASO is a better alternative even in these older children who are more than 6 weeks age with acceptable mortality. Long-term studies are underway to substantiate our early results.
Conclusions
This study confirms that primary ASO can be done safely in the children beyond the neonatal age group. The boundaries of 2-4 weeks are now taken to more than 6 weeks and might be pushed further. We have demonstrated that primary ASO can be performed with acceptable surgical mortality and early postoperative morbidity in infants more than 6 weeks old.
Unfavourable left ventricular geometry, which was considered to be a contraindication for primary ASO, is a transient change and can be successfully managed with pharmacological means and ECMO support. This change in left ventricular shape is due to low afterload and not an intrinsic change in left ventricular myocardial properties. Long-term follow-up of these children will give us more answers, but early results are encouraging. At present, we believe it may be appropriate to cautiously extend the age limit for primary ASO in infants with dTGA, IVS beyond the age of 6 weeks.
Editorial Comment
Keywords: Transposition of the great arteries; Left ventricular retraining; Congenital heart surgery In the current issue of this journal, Bisoi et al. from All India Institute present a series of 55 patients born with 'dtransposition of great arteries' (dTGA) and intact ventricular septum who were referred for surgery beyond 6 weeks of age [1] . Actually, age at surgery varied from 42 to 3000 days with a median age of 60 days. The authors adopt a strategy of primary arterial switch operation (ASO) with postoperative extracorporeal membrane oxygenation (ECMO) support depending on preoperative left ventricular echocardiographic findings that are not well defined in the current article. Results showed a postoperative mortality of 13% and at follow-up all surviving patients seem to be in a good clinical status but left ventricle (LV) echocardiographic features are not described in the article. The authors conclude that primary ASO can be performed with acceptable results provided a circuit integrated ECMO support in selected cases.
The authors have to be congratulated for such achievements in difficult cases. Since 1993, in our Institution, 92 patients with dTGA and intact ventricular septum and late referral underwent an ASO. Median age was 45 days (range: 25-1070). Decision to perform a primary ASO was roughly based on the values of LV mass >35 g m À2 and when between 25 and 35 g m À2 on the value of LV mass/end diastolic LV volume ratio >1.2. Below these levels, a rapid two-stage approach was favoured. Forty-six patients received a primary arterial switch procedure versus 45 who had a rapid twostage repair with a median interim duration of 8 days, and only one had a primary ASO with an immediate postoperative ECMO support. Two patients required ECMO support after primary ASO versus three after rapid two-stage ASO. Overall mortality was seven patients (7.6%) without any difference between groups. Unfortunately, one of the non-surviving patients was the one who had primary ASO immediately supported by an ECMO because of intractable postoperative bleeding. At follow-up, LV function quickly recovered and patients were asymptomatic without any medication.
Our experience should therefore encourage the rapid twostage ASO in selected patients rather than primary ASO followed by ECMO support. Although only one patient entered in the last strategy, we believe that ECMO should be avoided as far as possible and pharmacologic support favoured when possible. Indeed, ECMO induces a nonphysiologic type of circulatory patterns and bleeding. In addition, nursing care is more demanding in ECMO patients.
Finally, LV retraining is probably a very complex process including molecular and gene activation that was partially shown in a previous study after rapid two-stage ASO [2] . These data lack in ECMO LV retraining.
Finally, as LV retraining seems to be inadequate in old Senning or cTGA patients with intact ventricular septum and as we experienced in a 3-year-old patient, Senning operation might still have a place in older patients. Indeed, a recent report [3] showed that not all atrial switch patients develop systemic ventricular failure with supra-ventricular arrhythmias.
In conclusion, our data support that a primary ASO can safely be performed as a primary procedure up to 2 months of age, and, above this age, LV mass and LV mass to LV end diastolic volume ratio may orient towards rapid two-stage or primary ASO up to 2 years of age. In older children, an atrial switch procedure should be considered.
